Introduction
============

Globally, rotavirus (RV) is a leading cause of severe gastroenteritis (GE) among infants and young children resulting in substantial morbidity and mortality.[@R1] It is estimated that prior to the introduction of RV vaccines, RV was associated with nearly 453 000 deaths and over two million hospitalizations worldwide among children below 5 y of age.[@R1]^,^[@R2] In Australia RV is estimated to account for nearly 10 000 hospitalizations annually prior to RV vaccine introduction, an estimated 50% of acute GE related hospitalizations being attributable to RV.[@R3]

Two live attenuated oral RV vaccines: *Rotarix*^™^ (RIX4414) (GlaxoSmithKline Vaccines) and *RotaTeq*^®^ (RV5) (Merck and Co., Inc.) are licensed in many countries worldwide.[@R4] Both these vaccines have shown to be safe and efficacious against rotavirus gastroenteritis (RVGE) in both developed and developing countries.[@R5]^-^[@R12]

RIX4414 and RV5 are available in Australia since 2006. Both were included in the government National Immunisation Program (NIP) on July 1, 2007, for all infants born May 1, 2007, onwards.[@R13]^,^[@R14] Due to a high burden of RV disease in the Northern Territory (NT), RIX4414 was provided for all children born in the NT from August 1, 2006.[@R15]

New South Wales (NSW), the NT, Tasmania and the Australian Capital Territory (ACT) selected RIX4414 for use in their state/territory immunization program; while Victoria, South Australia and Queensland (QLD) selected RV5. Western Australia selected RIX4414, subsequently changing to RV5 in May 2009.[@R13]

Vaccination coverage is high in Australia. RV vaccination coverage at 12 mo of age was 91.0% and 88.0% in 2007 and 2008, respectively, in the ACT; 87.2% and 81.1% in 2007 and 2008, respectively, in the NT; 84.5% and 80.7%, respectively in 2007 and 2008, in QLD and 83.4% and 84.9% in 2007 and 2008, respectively, in NSW. The overall coverage of RV vaccines in 2007 and 2008 were 83.8% and 82.3%, respectively. RV vaccine coverage was lower than the overall coverage of other vaccines scheduled to be given at the same visits under the NIP, such as 7-valent pneumococcal conjugate vaccine (coverage of 90.9% and 91.1% in 2007 and 2008 respectively).[@R16]^,^[@R17] The reason for this slightly lower coverage was presumed to be because of the strict upper age limit for RV vaccines.

The burden of RVGE was significantly higher in Indigenous children. In a study conducted by Newall et al., the average annual rate of hospitalizations for RVGE among Indigenous people of all ages between 2000 and 2002 was 107.7 per 100 000 population as compared with 21.9 per 100 000 population in the whole of Australia covered by the Australian Institute of Health and Welfare (AIHW) database.[@R18]

In the Australian NIP, RIX4414 (2-dose vaccine) is scheduled to be administered at the 2- and 4-mo immunization visit; first dose between 6--14 weeks of age and second dose between 10--24 weeks of age, with at least four weeks interval between the doses.[@R19]

The present study aimed to assess the impact of RV vaccination (RIX4414) on Australian children less than 5 y of age by comparing the incidence of hospitalizations for RVGE and all-cause GE (AGE) in the period prior to RV vaccine introduction (July 1998 to June 2006) with a period post vaccine introduction (July 2007 to June 2009) onto the NIP in NSW, ACT and the NT.

Results
=======

The number of hospitalizations due to RVGE and AGE reduced following the introduction of RIX4414 in each of the states/territories assessed; NSW, the ACT and the NT ([Fig. 1](#F1){ref-type="fig"}; [Fig. 2](#F2){ref-type="fig"} and [Fig. 3](#F3){ref-type="fig"}). A reduction in the incidence of RVGE- and AGE-associated hospitalizations was observed in all children below 5 y of age (which also included children who were ineligible for RV vaccination) in NSW and the ACT and in children below 3 y in the NT ([Table 1](#T1){ref-type="table"}; [Table 2](#T2){ref-type="table"}; [Table 3](#T3){ref-type="table"}).

![**Figure 1.** Average monthly hospitalizations in NSW (July 1998 to June 2009).](hvi-9-1617-g1){#F1}

![**Figure 2.** Average monthly hospitalizations in the ACT (July 1998 to June 2009).](hvi-9-1617-g2){#F2}

![**Figure 3.** Average monthly hospitalizations in the NT (July 1998 to June 2009).](hvi-9-1617-g3){#F3}

###### **Table 1.** Incidence of RVGE, AGE and acute bronchiolitis hospitalizations among children below 5 y of age in NSW

  Age (months)         Month and year     RVGE    AGE     Acute bronchiolitis                                                
  -------------------- ------------------ ------- ------- --------------------- -------- -------- -------- -------- -------- --------
  0--11                Baseline average   33.75   32.39   35.15                 203.44   200.08   206.84   482.08   476.90   487.30
  Jul 2007--Jun 2008   13.06              10.81   15.64   157.80                149.71   166.21   550.63   535.44   566.15   
  Jul 2008--Jun 2009   3.87               2.71    5.35    128.41                121.23   135.90   493.02   478.87   507.49   
  12--23               Baseline average   55.54   53.79   57.33                 255.73   251.96   259.54   81.18    79.06    83.34
  Jul 2007--Jun 2008   27.26              23.94   30.92   179.80                171.09   188.85   104.66   98.04    111.61   
  Jul 2008--Jun 2009   8.42               6.63    10.53   117.17                110.22   124.45   95.13    88.88    101.71   
  24--35               Baseline average   33.37   32.02   34.76                 170.11   167.05   173.21   12.40    11.58    13.26
  Jul 2007--Jun 2008   15.90              13.39   18.74   93.38                 87.15    99.93    9.96     8.00     12.26    
  Jul 2008--Jun 2009   9.65               7.72    11.91   83.22                 77.34    89.43    10.09    8.12     12.41    
  36--47               Baseline average   16.12   15.19   17.09                 105.19   102.79   107.62   3.43     3.01     3.89
  Jul 2007--Jun 2008   6.18               4.64    8.07    62.86                 57.71    68.35    2.75     1.76     4.09     
  Jul 2008--Jun 2009   4.23               2.99    5.81    54.77                 50.03    59.83    2.89     1.89     4.24     
  48--59               Baseline average   8.73    8.06    9.45                  75.75    73.72    77.81    1.24     0.99     1.53
  Jul 2007--Jun2008    4.49               3.20    6.14    50.60                 45.97    55.56    1.04     0.47     1.97     
  Jul 2008--Jun 2009   2.62               1.66    3.92    39.24                 35.21    43.60    0.80     0.32     1.64     

Baseline average: Average incidence of hospitalizations during Jul 1998--Jun 2006; 95% CI, 95% Confidence Interval; LL, lower limit; UL, upper limit.

###### **Table 2.** Incidence of RVGE, AGE and acute bronchiolitis hospitalizations among children below 5 y of age in ACT

  Age (months)         Month and year         RVGE       AGE       Acute bronchiolitis                                                  
  -------------------- ------------------ ---------- --------- ------------------------- ---------- -------- -------- -------- -------- --------
  0--11                Baseline average   42.93      36.16     50.60                     154.20     141.10   168.18   252.76   235.91   270.49
  Jul 2007--Jun 2008   17.35              7.49       34.19     91.10                     65.66      123.14   193.05   155.03   237.56   
  Jul 2008--Jun 2009   8.40               2.29       21.50     62.97                     42.48      89.89    253.97   210.74   303.47   
  12--23               Baseline average   82.76      73.21     93.20                     219.06     203.35   235.66   39.86    33.32    47.30
  Jul 2007--Jun 2008   24.12              12.04      43.15     63.58                     42.58      91.32    109.63   81.37    144.53   
  Jul 2008--Jun 2009   8.72               2.38       22.32     50.13                     31.78      75.22    89.37    64.13    121.23   
  24--35               Baseline average   39.74      33.23     47.16                     111.63     100.52   123.64   7.89     5.15     11.56
  Jul 2007--Jun 2008   9.04               2.46       23.14     40.67                     24.10      64.27    13.56    4.97     29.51    
  Jul 2008--Jun 2009   0.00               0.00       8.00      21.68                     10.39      39.86    28.18    15.00    48.18    
  36--47               Baseline average   18.38      14.06     23.61                     67.50      58.95    76.95    0.90     0.19     2.64
  Jul 2007--Jun 2008   2.34               0.06       13.05     25.77                     12.86      46.10    7.03     1.45     20.54    
  Jul 2008--Jun 2009   4.47               0.54       16.16     15.66                         6.29   32.26    6.71     1.38     19.61    
  48--59               Baseline average   9.23       6.27      13.10                     36.92      30.70    44.01    1.49     0.48     3.47
  Jul 2007--Jun 2008   2.39               0.06       13.31     19.12                     8.25       37.67    0.00     0.00     8.82     
  Jul 2008--Jun 2009   0.00               0.00       8.57      27.89                     14.41      48.71    2.32     0.06     12.95    

Baseline average: Average incidence of hospitalizations during Jul 1998--Jun 2006; 95% CI, 95% Confidence Interval; LL, lower limit; UL, upper limit.

###### **Table 3.** Incidence of RVGE, AGE and acute bronchiolitis hospitalizations among children below 5 y of age in NT

  Age (months)         Month and year         RVGE       AGE       Acute bronchiolitis                                                  
  -------------------- ------------------ ---------- --------- ------------------------- -------- -------- --------- -------- --------- ---------
  0--11                Baseline average   288.67     269.26    309.11                    959.90   924.23   996.60    965.53   929.75    1002.30
  Jul 2007--Jun 2008   47.52              28.17      75.11     562.36                    489.37   643.17   934.63    839.80   1037.30   
  Jul 2008--Jun 2009   122.79             90.22      163.28    624.39                    547.73   708.77   1065.90   964.97   1174.50   
  12--23               Baseline average   181.23     165.90    197.59                    862.06   828.22   896.92    161.83   147.37    177.34
  Jul 2007--Jun 2008   65.06              41.69      96.80     563.85                    489.83   645.91   203.31    159.92   254.85    
  Jul 2008--Jun 2009   87.09              59.95      122.31    588.55                    513.83   671.07   242.81    195.74   297.78    
  24--35               Baseline average   54.40      46.12     63.73                     243.91   226.00   262.86    22.76    17.52     29.06
  Jul 2007--Jun 2008   22.41              9.68       44.16     226.94                    180.22   282.07   28.02     13.44    51.52     
  Jul 2008--Jun 2009   21.84              9.43       43.03     253.88                    204.91   311.02   43.68     24.97    70.93     
  36--47               Baseline average   15.37      11.12     20.70                     81.83    71.57    93.14     1.43     0.39      3.66
  Jul 2007--Jun 2008   17.45              6.40       37.98     95.97                     66.06    134.78   0.00      0.00     10.73     
  Jul 2008--Jun 2009   33.72              17.42      58.90     115.20                    82.67    156.28   5.62      0.68     20.30     
  48--59               Baseline average   8.64       5.54      12.86                     57.25    48.70    66.88     2.16     0.79      4.70
  Jul 2007--Jun 2008   17.16              6.30       37.34     45.75                     26.15    74.29    5.72      0.69     20.66     
  Jul 2008--Jun 2009   11.65              3.17       29.82     58.23                     35.57    89.93    5.82      0.71     21.03     

Baseline average: Average incidence of hospitalizations during Jul 1998--Jun 2006; 95% CI, 95% Confidence Interval; LL, lower limit; UL, upper limit; Note: Incidence of RVGE and AGE hospitalizations in the year Jul 2008--Jun 2009 was moderate due to an outbreak of acute RVGE during Feb--May 2009 in the central region of NT.

Impact on the incidence of RVGE and AGE hospitalizations, by region
-------------------------------------------------------------------

Prior to the introduction of RV vaccination in NSW, the average baseline incidence of RVGE hospitalizations among children aged 0--11 mo was 33.75 \[95% confidence intervals (CI): 32.39--35.15\] per 10,000 child-years over the period July 1998--June 2006 ([Table 1](#T1){ref-type="table"}). Following introduction of RV vaccination, the incidence of RVGE hospitalizations reduced to 13.06 (95% CI: 10.81--15.64) per 10,000 child-years in the first year post introduction on the NIP (July 2007--June 2008) and further to 3.87 (95% CI: 2.71--5.35) per 10,000 child-years, in the second year post introduction on the NIP (July 2008--June 2009), respectively. The overall reduction in RVGE hospitalizations in NSW compared with baseline period (July 1998--June 2006) was 53.84% and 79.24% during July 2007--June 2008 and July 2008--June 2009, respectively, among all children aged less than 5 y.

In the ACT, the average baseline incidence of RVGE hospitalizations among children aged 0--11 mo prior to the introduction of RV vaccination was 42.93 (95% CI: 36.16--50.60) per 10,000 child-years. Following introduction of RV vaccination, the incidence of RVGE hospitalizations reduced to 17.35 (95% CI: 7.49--34.19) and 8.40 (95% CI: 2.29--21.50) per 10,000 child-years in July 2007--June 2008 and July 2008--June 2009, respectively ([Table 2](#T2){ref-type="table"}). Overall, 67.7% and 87.58% reduction in RVGE hospitalizations was observed during July 2007--June 2008 and July 2008--June 2009, respectively, as compared with baseline period (July 1998--June 2006) in all children less than 5 y.

In the NT, the baseline incidence of RVGE hospitalizations among children aged 0--11 mo prior to the introduction of RV vaccination was 288.67 (95% CI: 269.26--309.11) per 10,000 child-years ([Table 3](#T3){ref-type="table"}). Following the introduction of RV vaccination, the incidence of RVGE hospitalizations reduced to 47.52 (95% CI: 28.17--75.11) and 122.79 (95% CI: 90.22--163.28) per 10,000 child-years, during July 2007--June 2008 and July 2008--June 2009, respectively. The overall reduction in RVGE hospitalizations compared with baseline period (July 1998--June 2006) was 67.41% and 45% during July 2007--June 2008 and July 2008--June 2009, respectively, in the NT among all children aged less than 5 y.

Overall reductions in AGE hospitalizations were also observed in all children less than 5 y of age, including those ineligible of RV vaccination in NSW and the ACT ([Table 1](#T1){ref-type="table"} and [Table 2](#T2){ref-type="table"}).

Acute bronchiolitis hospitalizations, used as a non-vaccine preventable disease, did not show any trend to reduction in children aged below 5 y following RIX4414 vaccine introduction ([Fig. 1](#F1){ref-type="fig"}; [Fig. 2](#F2){ref-type="fig"} and [Fig. 3](#F3){ref-type="fig"}).

Discussion
==========

The present study describes the impact of RV vaccine (RIX4414) introduction onto the NIP of three Australian States namely NSW, the ACT and the NT on RVGE and AGE hospitalizations.

The findings of the study indicate that the decrease in incidence of RVGE and AGE hospitalizations in young children is directly related to the introduction of RIX4414 onto the NIP. Importantly, from a public health perspective, reductions in RVGE and AGE-associated hospitalizations were not only observed among children aged less than 24 mo, who were eligible for RV vaccination during the study period, but also in older children in NSW and the ACT, who would not have received the vaccine, indicating a potential herd effect. This aligns with the findings of earlier studies including a single-center study in Sydney,[@R20] a multi-center study conducted in NSW, Victoria and QLD[@R21] and studies conducted in the USA,[@R22]^,^[@R23] all of which reported a herd effect.

The public health benefits of RIX4414 in Australia, in terms of reduction in RVGE and AGE hospitalizations, are substantive in all of the regions studied. In NSW and the ACT immunization rates are high and the burden of RV disease is typical of that seen in a developed country setting. In the NT, the epidemiology of RV disease is different to that seen in the other regions of Australia. It has a significantly greater burden of RV disease with the highest rate of RV-associated hospitalizations and the longest median hospital stay being recorded. This has also been previously reported and attributed to several factors such as the high proportion of children of indigenous decent, where the lower health and nutritional status, remoteness of residence of the population, affect susceptibility, diagnosis and treatment of the disease, thereby increasing the disease burden.[@R24]

Despite the high burden of RVGE, achieving high vaccine coverage rates among Indigenous children in the NT is highly challenging as many children live in remote communties.[@R25] Webby and coworkers found that in the NT the percentage of Indigenous children receiving RIX4414 in 2007 was 68.4% as compared with 77.8% in non-indigenous children. While in 2008, 69.0% of indigenous children received RIX4414 as compared with 84.5% of non-indigenous children.[@R25]

Although environmental factors affected the RVGE and AGE hospitalizations in the NT, the introduction of RV vaccination reduced the incidence of RVGE and AGE hospitalizations considerably, as compared with the baseline period during both surveillance years (July 2007--June 2008 and July 2008--June 2009). The incidence of RVGE and AGE hospitalizations among vaccine-eligible children was slightly greater in second year of surveillance as compared with the first due to an outbreak of acute RVGE that occurred during February--April 2009 in the central region of the NT--a region where large cyclical outbreaks occur on a regular basis.[@R26] As the burden of RVGE in the NT is substantially higher than in NSW and the ACT, particularly in an outbreak year, the differential between the NT and the findings in NSW and the ACT may correspond to those observed in the efficacy trials in Africa,[@R7] Asia[@R9] and Europe.[@R8] These trials indicated that the efficacy of RV vaccines was higher in lower RVGE disease environments. The challenges of vaccine coverage in the NT are likely to be a factor in the lower impact seen in this region. Due to the annual fluctuation in the incidence of RVGE in the NT, it may take several years to be confident before we understand the true impact of the vaccine in this population. In addition to RVGE, it would be of value to understand the role co-pathogens play in gastroenteritis in the NT where the incidence of disease caused by these pathogens is greater in Indigenous children as compared with children in NSW and the ACT.

Unlike in NSW and the ACT, no reduction in the incidence of RVGE hospitalizations in children too old to have been vaccinated was observed in the NT. This apparent absence of herd immunity maybe due to the high disease burden and early onset of RVGE in the NT resulting in almost all unvaccinated children being exposed to wild-type RV, early in their lives and developing a natural immunity, thereby masking the capacity of the vaccine to confer herd immunity in this specific population. During the outbreak in the NT, it was of note that a high burden of disease was seen in children at a very young age, indicating that early vaccination and early course completion maybe of value in this setting.

Although this study evaluated the impact of RIX4414 alone on RVGE and AGE hospitalizations, the results of the present surveillance are comparable with those observed earlier which assessed the impact of RIX4414 and RV5 in various Australian states/territories including NSW, Victoria, QLD, Western Australia and South Australia and the NT.[@R27]^,^[@R28] Introduction of two RV vaccines, namely RIX4414 and RV5 considerably reduced the RV-associated hospitalizations.[@R27]^,^[@R28]

The strength of this study was the inclusion of a non-vaccine preventable disease, namely acute bronchiolitis, the use of which is not routine in studies that assess RV vaccine impact. The data on acute bronchiolitis addressed one of the confounding factors and was included to observe the trend in "non-vaccine preventable seasonal disease" following the introduction of RV vaccines. If a reduction in this disease was observed, it can be considered that other factors could have affected the decrease in the hospitalizations and not attributable to vaccination alone. Since no reduction in acute bronchiolitis hospitalizations was seen, we could deduce that any reduction in RVGE related hospitalization is most likely due to the vaccine itself. Furthermore, no unexpected changes in acute bronchiolitis hospitalizations were observed over the entire study period, it appears that the reduction in the incidence of infectious disease in the study population was not universal. These results consequently improve the confidence that the reductions in RVGE and AGE that were observed were related to the introduction of RV vaccines.

However, the results of the present study need to be interpreted with caution in light of several potential limitations. First, assigning a mean value, where hospitalization data was suppressed (i.e., where less than five hospitalizations in the month were recorded), could have affected the accuracy of the results observed in this study. However, sensitivity analyses suggest the effect of assigning a mean value would be small. Second, the precision of this study could have been affected by sensitivity of International Classification of Diseases (ICD) codes to reflect the burden of disease. Previous reports indicate that use of ICD codes for RVGE may lead to under-reporting and as a result, the true incidence of RVGE and the effect of RV vaccine might be higher than observed.[@R29]^,^[@R30] In addition, ICD codes may not be uniformly applied in different locations, which could limit the value of any comparisons between states. Lack of information on the individual vaccination status of children enrolled in this study is another limitation that is acknowledged. The RVGE outbreak in the NT during the post-vaccination era, where increased number of RVGE and AGE hospitalizations occurred, might not be a true representative of the true impact of the RV vaccine in this region over time. It is also important to note that such outbreaks are more typically localized to central region of the NT. Moreover, in the central region of the NT, where gastrointestinal co-pathogens are not uncommon in Indigenous children, it is important that we better understand the causation of the GE.

In conclusion, this ecological study demonstrates substantial reductions in RVGE and AGE-associated hospitalizations and a decrease in incidence of RVGE and AGE hospitalizations in children in NSW, ACT and the NT following the introduction of RV vaccination onto the Australian NIP. A reduction in incidence of RVGE and AGE hospitalizations was also observed in children ineligible for vaccination in NSW and the ACT indicating a potential herd effect.

Long-term analysis of the impact of RV vaccination, particularly in the NT, is also warranted to further evaluate the public health impact of RV vaccination in Australia.

Materials and Methods
=====================

Study design and study population
---------------------------------

This ecological study was conducted in the Australian states/territories that implemented RIX4414 namely NSW, ACT and the NT. The impact of RV vaccination on RVGE and AGE hospitalizations was assessed using data extracted from the AIHW database. The numerator consisted of data from the AIHW on children who received RIX4414 and reported RVGE, AGE and acute bronchiolitis, while the denominator consisted of data from the Australian Bureau of Statistics consisting of the total number of children screened. RVGE and AGE cases were coded according to the International Classification of Diseases, 10th Revision, Australian Modification (ICD-10-a.m.) codes.

Data on RVGE, AGE, and acute bronchiolitis-associated hospitalizations from July 1998 to June 2009 among children aged less than 5 y residing in NSW, the ACT and the NT was extracted from the AIHW databases.

Acute bronchiolitis was chosen as it was a common cause of hospitalization in young children, it was a non-vaccine preventable disease and it exhibited seasonal variation.

Since the data collected from the AIHW and ACIR databases were aggregated and de-identified (subject-level information was not accessed) in the present study, no ethics committee approval or informed consent was required.

This study was conducted as per the guidelines of Good Epidemiological Practices and as per the principles of the Declaration of Helsinki and all applicable subject privacy requirements.

Statistical analyses
--------------------

The period before the introduction of RV vaccines in Australia from July 1998 to June 2006 was considered as baseline/pre-vaccine introduction period, while the post vaccine introduction periods were from July 2007 to June 2008 and July 2008 to June 2009.

Incidence of RVGE, AGE and acute bronchiolitis hospitalizations were calculated with their respective 95% CI. The method of calculating 95% CIs was using the relation between Poisson distribution and chi square distribution.[@R31]

The overall reduction was calculated by computing the difference between the average baseline value (pre-vaccination time points) and the post-vaccination time- points (July 2007 to June 2008 and July 2008 to June 2009) among all children (0--59 mo) with RVGE/ AGE hospitalizations, dividing by the average baseline value and expressed as percentage.

Sensitivity analyses
--------------------

In the source data, when the total number of monthly hospitalizations for RVGE was very low, i.e., one to four (inclusive) admissions/month, the number of hospitalizations for that month were suppressed (i.e., no data provided) by the AIHW in order to protect patient privacy.

The suppressed data was coded as two cases/month in the analyses (the mean of one to four was 2.5; the minimum rounding off of 2.5 was two).
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